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HIGHLIGHTS

� PCSK9 inhibitors alter the distribution of

macrophage-derived cholesterol within

lipoproteins in plasma from heterozygous

FH subjects during ex vivo cholesterol

efflux, reducing LDL’s capacity as a

cholesterol acceptor while enhancing

HDL’s acceptor function.

� PCSK9 inhibition enhances the

macrophage-specific reverse cholesterol

transport pathway in human apoB100

transgenic mice, specifically under condi-

tions of heterozygous LDL receptor

deficiency.

� Anti-PCSK9 therapy facilitates the

transfer of LDL-derived cholesterol to

feces in heterozygous LDLR-deficient

mice expressing human APOB100.
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ABBR EV I A T I ON S

AND ACRONYMS

ABC = ATP-binding cassette

APO = apolipoprotein

CETP = cholesteryl ester transfer

protein

DMEM = Dulbecco’s modified Eagle’s

medium

HDL = high-density lipoprotein

HDL-C = HDL cholesterol

FH = familial hypercholesterolemia

IP = intraperitoneal

IV = intravenous

KO = knockout

LCAT = lecithin:cholesterol acyltransferase

LDL = low density lipoprotein

LDL-C = low-density lipoprotein

cholesterol

LDLR = low-density lipoprotein receptor

LDLRþ/þ = wild-type

LDLRþ/þ hAPOB100 = human

APOB100 transgenic

LDLRþ/� hAPOB100 = heterozygous

LDLR-deficient mice expressing

hAPOB100

LDLR�/� hAPOB100 = LDLR-KO mice

expressing hAPOB100

LPDF = lipoprotein-depleted fraction

LXR = liver X receptor

mRCT = macrophage-specific reverse

cholesterol transport

PCSK9 = proprotein convertase

subtilisin/kexin type 9

PCSK9-mAb1 = PCSK9 antibody

PL-45134

PLTP = phospholipid transfer protein

RCT = reverse cholesterol transport

SC = subcutaneous

TICE = transintestinal cholesterol excretion

VLDL = very-low-density lipoprotein

From the aInstitut

Universitat Autòno

Madrid, Spain; dVa

Hospital, Rovira i V

Research Council

(CIBERCV), Institu

Institute for Medic

medicum, Helsinki,

and the jServicio d

Canyelles, contribu

The authors attest

institutions and Fo

visit the Author Ce

Manuscript receive

Borràs et al J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 9 , N O . 1 0 , 2 0 2 4

PCSK9 Antibodies Promote Macrophage-Specific RCT O C T O B E R 2 0 2 4 : 1 1 9 5 – 1 2 1 0

1196
SUMMARY
de

ma

scu

irg

(CS

to d

al

Fin

e B

ted

th

od

nte

d F
We investigated the potential of proprotein convertase subtilisin/kexin type 9 (PCSK9) antibodies to

restore macrophage cholesterol efflux in subjects with heterozygous familial hypercholesterolemia (FH)

and to enhance the macrophage-specific reverse cholesterol transport pathway in mice. Analyses of

macrophage-derived cholesterol distribution of plasma from FH patients revealed that low-density li-

poprotein (LDL) particles contained less, and high-density lipoprotein particles contained more radio-

labeled cholesterol after treatment with either PCSK9 inhibitor. PCSK9 antibodies facilitated the

transfer of macrophage-derived cholesterol and LDL-derived cholesterol to feces exclusively in

heterozygous LDL receptor-deficient mice expressing human APOB100. PCSK9 inhibitors act as

positive regulators of the macrophage-specific reverse cholesterol transport pathway in individuals with

heterozygous FH. (JACC Basic Transl Sci. 2024;9:1195–1210) © 2024 The Authors. Published by

Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
F amilial hypercholesterolemia
(FH) is a common autosomal
codominant disease character-

ized by elevated plasma low-density li-
poprotein cholesterol (LDL-C) levels
and a high risk of coronary heart dis-
ease.1 Heterozygous FH is the most
usual form of the disorder, affecting
approximately 1 in 300 in the general
population.2 Most FH cases are caused
by loss-of-function mutations in the
LDL receptor (LDLR) gene, but muta-
tions in the proprotein convertase sub-
tilisin/kexin type 9 (PCSK9) gene
present a similar FH phenotype.3

Cellular cholesterol efflux, the
initial step in the reverse cholesterol
transport (RCT) pathway, is mediated
by high-density lipoproteins (HDLs).4

Unesterified cholesterol export from
macrophages to extracellularly located
HDL particles is mediated by different
pathways including aqueous diffusion,
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receptor-facilitated diffusion by scavenger receptor
class B type 1 (SR-BI) and active pathways mediated
by the ATP-binding cassette (ABC) transporters A1
and G1.4 The capacity of HDL to promote macro-
phage cholesterol efflux through ABCA1 has been
linked to atherosclerotic cardiovascular disease,
independently of HDL cholesterol (HDL-C) levels.5,6

Several reports provide compelling evidence that an
altered HDL metabolism and remodeling underlies a
defective macrophage cholesterol efflux capacity of
HDL in subjects with FH7 and this is closely linked
with an increased risk of atherosclerotic cardiovas-
cular disease.8,9 Our previous findings indicated
higher lipid transfer protein activities (cholesteryl
ester transfer protein [CETP] and phospholipid
transfer protein [PLTP]) and lower lec-
ithin:cholesterol acyltransferase (LCAT) activities in
untreated heterozygous subjects with FH compared
with normolipidemic patients, resulting in defective
HDL maturation.10 These changes correlated with
impaired FH plasma and HDL fractions’ ability
to induce cholesterol efflux from cultured
macrophages.10,11
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An early report established that a significant
portion of unesterified cholesterol released from fi-
broblasts during efflux to HDL was rapidly transferred
to LDL, becoming a major intermediate acceptor of
cellular-derived cholesterol.12 Consistent with these
findings, our investigations revealed that LDL served
as a reservoir for cholesterol released from macro-
phages via HDL in both in vitro and ex vivo experi-
mental settings.11 Furthermore, cholesterol derived
from labeled macrophages was promptly transferred
to plasma in vivo, predominantly associating with
circulating LDL in Ldlr-deficient mice or Pcsk9-
overexpressing mice.11 This led to a substantial
impairment in the fecal excretion of macrophage-
derived cholesterol in these mice, underscoring the
essential role of LDLR in supporting the macrophage-
specific reverse cholesterol transport (mRCT)
pathway.11 The lack of CETP activity in these hyper-
cholesterolemic mouse models highlighted the pres-
ence of a CETP-independent mRCT pathway, wherein
LDL mediated the transfer of unesterified cholesterol
from macrophages to feces.11

PCSK9 binds to LDLR, directing it to lysosomes for
its degradation in the liver.13 Monoclonal PCSK9 an-
tibodies, such as alirocumab and evolocumab, have
emerged as drugs to reduce LDL-C and cardiovascular
disease. Indeed, both drugs have shown significant
cholesterol-lowering efficacy and a reduction in the
risk of cardiovascular events in patients at high car-
diovascular risk.14,15 Both PCSK9 antibodies also
caused a modest increase in circulating HDL-C and
apolipoprotein (APO) A1 levels.14,15 However, current
data do not support a positive effect of monoclonal
PCSK9 antibodies on both plasma and HDL-mediated
cholesterol efflux capacities.16-18

In this study, we investigated the impact of PCSK9
inhibition therapy on restoring macrophage choles-
terol efflux facilitated by heterozygous FH plasma.
In addition, we examined the distribution of
macrophage-derived cholesterol among FH lipopro-
teins and assessed the effect of PCSK9 antibodies on
the mRCT rate in various mouse models of hyper-
cholesterolemia. Our results demonstrate that PCSK9
inhibitor therapy reduces the capacity of LDL to serve
as a transient macrophage-derived cholesterol plasma
reservoir, whereas increases that of HDL in FH sub-
jects and enhances the mRCT in a humanized het-
erozygous FH mouse model.

METHODS

HUMAN SAMPLES. Plasma samples were collected
from adult patients with FH before and after treat-
ment with a PCSK9 inhibitor from 2 Spanish hospitals:
Hospital Universitario Ramón y Cajal and Hospital
Universitario Sant Joan de Reus. The study was con-
ducted in accordance with the ethical principles
outlined in the Declaration of Helsinki and was
approved by the Ethical and Clinical Investigation
Committee of the 2 Spanish hospitals (protocol codes
C-GEN-007 and 039/2019). All patients were clinically
classified as having probable or definite FH based on
the Dutch Lipid Clinic Network Score. All subjects
initiated PCSK9 inhibition therapy because LDL-C
levels were beyond the recommended targets
despite high-intensity statins plus ezetimibe,
following the current guidelines for dyslipidemia
treatment by the European Atherosclerosis Society
and the European Society of Cardiology.19 These pa-
tients were treated with evolocumab or alirocumab at
the doses of 140 or 75 mg, respectively, every 14 days.
The average duration between baseline and post-
treatment samples was 49 days for evolocumab and
60 days for alirocumab.

MICE AND DIET. The experimental procedures were
reviewed and approved by the Institutional Animal
Care and Use Committee of the Sant Pau Research
Institute and authorized by the Animal Experimental
Committee of the local government authority (Gen-
eralitat de Catalunya, authorization no. 10626) in
accordance with the Spanish Law (RD 53/2013) and
European Directive 2010/63/EU. Procedures were
conducted at the Animal Experimentation Service,
ISO 9001:2015 certified. Wild-type mice (LDLRþ/þ)
and total Ldlr-deficient (KO) mice on the C57BL/6
background were purchased from Jackson Labora-
tories (#000664 and #002207, respectively). Human
APOB100 transgenic (LDLRþ/þ hAPOB100) mice on
the C57BL/6 background were purchased from
Taconic Biosciences (#1004-M). Ldlr-KO mice were
crossbred with hAPOB100 Tg mice to generate het-
erozygous Ldlr-deficient mice expressing hAPOB100
(LDLRþ/� hAPOB100). LDLRþ/� hAPOB100 were
crossbred with Ldlr-KO to generate the Ldlr-KO mice
expressing hAPOB100 (LDLR�/� hAPOB100). Mice
were genotyped by polymerase chain reaction (PCR)
analysis on tail tip genomic DNA using primers for
Ldlr (Jackson Laboratories), whereas hAPOB100
transgenics were detected by assessing the serum
hAPOB100 levels with an immunoturbidimetric assay
adapted for a COBAS 6000/501c autoanalyzer (Roche
Diagnostic). Mice were kept in a temperature-
controlled (22 �C) room with a 12-hour light/dark cy-
cle, and food and water were provided ad libitum. We
used 8- to 10-week-old male and female mice fed with
a Western-type diet (TD.88137, Harlan Teklad, con-
taining 21% fat and 0.2% cholesterol) for 4 weeks. The
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PCSK9 recombinant antibody PL-45134 (PCSK9-mAb1)
was provided by Amgen. We conducted a small pilot
study to investigate whether PL-45134 (10 mg/kg),
administered by intraperitoneal (IP) injection or
subcutaneous (SC) injection, had a similar effect on
non-HDL cholesterol in LDLRþ/� hAPOB100 mice.
After 2 weeks of treatment, comparable outcomes
were observed: 6.7 � 0.8 mM in IP PCSK9mAb-treated
mice vs 8.2 � 0.9 mM in vehicle mice, and 5.6 �
1.4 mM in SC PCSK9mAb-treated mice vs 7.5 � 0.7 mM
in vehicle mice. Due to its widespread use in mice and
technical simplicity, mice were injected IP with
10 mg/kg of the PCSK9-mAb1 or the vehicle solution
(phosphate-buffered saline) once per week for
4 weeks. PCSK9-mAb1 was reported to be an efficient
antagonist of mouse PCSK9 function.20 Given that we
previously demonstrated comparable mRCT rates in
both male and female mice,21,22 we maintained an
equal distribution of males and females in these ex-
periments, except for the wild-type mice, which were
exclusively male. The number of mice per group was
estimated considering a ¼ 0.05, power ¼ 80%, and an
effect size of 6,500 counts per minute in the fecal
excretion of macrophage-derived cholesterol.
Throughout all experiments, we randomized subjects
with the same genotype and age into groups to ach-
ieve equal sample sizes, and all animals were
included in the analyses. Whenever feasible, experi-
ments were conducted in a blinded manner con-
cerning the origin of the specimens to reduce bias.

LIPID AND APOLIPOPROTEIN ANALYSES. Plasma/
serum total cholesterol, triglycerides, and HDL-C were
determined enzymatically, whereas hAPOA1 and
hAPOB were determined using immunoturbidimetric
assays adapted for COBAS 6000/501c autoanalyzer
(Roche Diagnostics). LDL-C levels in human plasma
were calculated using the Friedewald formula, given
that all samples had triglycerides <4.5 mmol/L. In the
mouse studies, HDL-C levels were determined in
serum after precipitating APOB-containing lipopro-
tein particles with 0.44 mmol/L phosphotungstic
acid (Merck) and 20 mmol/L magnesium chloride
(Sigma-Aldrich). Mouse very low-density lipoprotein
(VLDL) (#1.006 g/mL), LDL (1.019-1.063 g/mL), HDL
(1.063-1.210 g/mL), and the lipoprotein-depleted
fraction (LPDF $1.210 g/mL) were isolated from
the serum through sequential ultracentrifugation,
using potassium bromide for density adjustment, at
100,000 g for 24 hours with an analytical fixed-
angle rotor (50.3; Beckman Coulter). The choles-
terol content in each lipoprotein fraction was
determined using commercial kits adapted for the
COBAS 6000/501c autoanalyzer.
ENZYME ACTIVITIES. Both human and mouse PLTP
activities were measured with a commercial assay
that measures the transfer of a fluorescent substrate
from a donor particle in the presence of plasmas/se-
rums (Sigma-Aldrich/Merck). A CETP activity assay
kit (Sigma-Aldrich/Merck) was used to detect the
human CETP-mediated transfer of a neutral fluores-
cent lipid from a substrate to a physiological acceptor
without being affected by variations in the endoge-
nous lipoprotein concentrations of human plasma.
LCAT activities in human plasma and mouse
serum were measured via a fluorometric method
that evaluates phospholipase activities (Sigma-
Aldrich/Merck).

MACROPHAGE CHOLESTEROL EFFLUX. In vitro and
ex vivo cellular cholesterol efflux was evaluated us-
ing a radiochemical method with J774A1.1 mouse
macrophages (ATCC TIB67), as previously described.11

Briefly, 2 � 105 cells/well were seeded in 6-well plates
and allowed to grow for 72 hours in complete Dul-
becco’s modified Eagle’s medium (DMEM) high
glucose with L-glutamine and with sodium pyruvate
(Corning) supplemented with 10% fetal bovine serum
(Pan Biotech) and 100 U/mL penicillin/streptomycin
(Dominique Dutscher). At that time point, the mac-
rophages were labeled with DMEM containing 1 mCi/
well of [1a,2a(n)-3H]cholesterol (Perkin Elmer) and 5%
fetal bovine serum for 48 hours. Then, the macro-
phages were equilibrated overnight with 0.2% free
fatty acid bovine serum albumin (Sigma-Aldrich/
Merck) in DMEM and the following day, macrophages
were incubated for 4 hours with the cholesterol ac-
ceptors in the medium. Given that the liver X receptor
(LXR)/retinoid X receptor complex is a permissive
heterodimer that can be activated by synthetic LXR
ligands,23 all experiments were also performed under
experimental settings that stimulate the ABCA1/
ABCG1-dependent cholesterol efflux by treating
macrophages with 2 mmol/L of the LXR T0901317
compound (Cayman Chemicals) in the equilibrating
overnight period. For in vitro analyses, a pool of
plasmas from normolipemic individuals (2.5%, vol/
vol) and mature HDL isolated by ultracentrifugation
from the same pool (at density 1.063-1.210 g/mL,
25 mg/mL of APOA1) were used as acceptors. LDL was
isolated by ultracentrifugation at density 1.019-1.063
g/mL and incubated with the acceptors at a range of
concentrations from 0 to 25 mg/mL of APOB. For
ex vivo analyses, cholesterol acceptor was plasma at
2.5% (vol/vol) and 75 mL of plasma after precipitation
of apo B-containing lipoproteins (equivalent to 2.5%
of plasma) with 0.44 mmol/L phosphotungstic acid
and 20 mmol/L magnesium chloride (Merck). Plasma
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samples were derived from FH individuals before and
after treatment with the PCSK9 inhibitor. The per-
centage of macrophage cholesterol efflux was calcu-
lated by dividing radiolabeled cholesterol in the
medium by the sum of radiolabeled cholesterol in
medium and in macrophages via liquid scintillation
counting at the end of the experiments. After a
4-hour incubation period, the lipoprotein fractions
(VLDL, LDL, HDL) and LPDF of the plasmas were also
isolated from the medium via sequential ultracentri-
fugation, and the radioactivity associated with each
fraction was measured to calculate the percentages of
macrophage-derived cholesterol accumulated in
each fraction.

MACROPHAGE-DERIVED CHOLESTEROL TRANSFERENCE

BETWEEN HUMAN HDL AND LDL. Cholesterol efflux to
human HDL was performed as described previously.
Subsequently, human LDL at various concentrations
was introduced into the media containing radio-
labeled [3H]HDL and incubated at 37�C for different
time points in the absence of macrophages. The
radioactivity of each lipoprotein fraction was
assessed by precipitating the APOB-containing lipo-
proteins, as reported previously.

IN VIVO mRCT ASSAY. Mouse J774A.1 macrophages
were cultured in 75-cm2 tissue culture flasks in DMEM-
supplemented medium and incubated for 48 hours in
the presence of 5 mCi/mL of [1a,2a(n)-3H]cholesterol.
These cells were washed, equilibrated with medium
containing 0.2% bovine serum albumin, detached via
scraping, resuspended in phosphate-buffered saline,
and pooled before being IP injected into the mice
(average of 1.7 � 106 macrophages containing 1.7 � 106

cpm per mouse; cell viability was 85%, as measured by
trypan blue staining). Mice were then individually
housed and stools collected over the next 48 hours. At
that point, the mice were euthanized and exsangui-
nated with cardiac puncture, and their livers were
removed. Lipoproteins were isolated from 48-hour
serum as described, and [3H]cholesterol radioactivity
was measured in each lipoprotein fraction via liquid
scintillation counting. Liver and fecal lipids were
extracted with isopropyl alcohol-hexane (2:3, vol/vol)
as previously described.24 The hepatic lipid layer was
collected, and [3H]cholesterol was measured via liquid
scintillation counting. The fecal lipid layer was also
collected and evaporated, and [3H]cholesterol radio-
activity was measured via liquid scintillation count-
ing. The [3H]tracer detected in fecal bile acids was
determined for the remaining aqueous portion of fecal
material extracts. The amount of [3H]tracer was
expressed as a fraction of the injected dose.
HDL AND LDL KINETICS. Mouse LDL and HDL from
each genotype were isolated by sequential ultracen-
trifugation as described previously. For radiolabeling
of both mouse lipoproteins, 50 mCi of cholesteryl-
[1,2-3H(N)] oleate (Perkin Elmer) and 1.8 mg of L-a-
phosphatidylcholine from egg yolk (Sigma-Aldrich)
were mixed, and the solvent was evaporated under a
stream of N2. Two milliliters of 1.006 g/mL density
solution (0.05 g/L chloramphenicol [Sigma-Aldrich],
8.75 g/L sodium chloride [Sigma-Aldrich], 0.08 g/L
gentamicin [Laboratorios Normon], and 0.37 g/L
EDTA [Sigma-Aldrich]) was added, and the lipids
were resuspended via vortex mixing; the suspension
was sonicated for 10 minutes in a bath-type sonicator.
The cholesteryl-[1,2-3H(N)] oleate emulsion was
added to 2 mL of mouse lipoproteins (LDL or HDL)
and 2 mL of non-inactivated human LPDF as a source
of CETP and incubated for 18 hours in a 37�C bath. The
labeled LDL and HDL were reisolated by ultracentri-
fugation at 1.019-1.063 g/mL and 1.063-1.210 g/mL,
respectively, as reported previously, and potassium
bromide was removed by gel filtration chromatog-
raphy. Radiolabeled LDL and HDL electrophoretic
mobilities were matched with those of non-
radiolabeled circulating lipoproteins; more than 75%
of the radioactive label was analyzed to be bound to
LDL and HDL, respectively. Each mouse was intra-
venously (IV) injected with 400,000 cpm of radio-
labeled LDL or HDL in 0.1 mL of 0.9% NaCl via the
retro-orbital venous plexus, and individually housed
in order to collect stools over the next 48 hours. Blood
was collected from each mouse at 2 minutes and 2, 6,
24, and 48 hours and serum radioactivity was deter-
mined. Computer analysis was used to fit an expo-
nential curve to each set of serum-decay data and to
calculate the reciprocal area under the curve (pools/
hour). At the end of the experiment, liver and fecal
[3H]cholesterol and the [3H]tracer detected in fecal
bile acids were determined as described previously.

QUANTITATIVE REAL-TIME PCR AND WESTERN

BLOT ANALYSES. For quantitative real-time PCR
analyses, total liver RNA was extracted using TRIzol
LS Reagent (Invitrogen) following the manufacturer’s
instructions. cDNA was generated using EasyScript
First-Strand cDNA Synthesis SuperMix (Transgen
Biotech) and quantitative real-time PCR amplification
was performed using the GoTaq(R) Probe qPCR Mas-
ter Mix (Promega). Specific TaqMan probes (Applied
Biosystems) were used for Abcg5 (Mm00446241_m1),
Abcg8 (Mm00445980_m1), Ldlr (Mm00440169_m1),
and Rn18s (Mm03928990_g1) was used as internal
control gene. Reactions were run on a CFX96TM
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Real-Time System (Bio-Rad) according to the manu-
facturer’s instructions. Thermal cycling conditions
included 10 minutes at 95 �C before the onset of the
PCR cycles, which consisted of 40 cycles at 95 �C for
15 seconds and at 65 �C for 1 minute. The relative
mRNA expression levels were calculated using the
DDCt method.

For Western blot analyses, livers were lysed in
RIPA buffer (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 1%
NP40; 0.5% sodium deoxycholate; 0.1% sodium
dodecyl sulfate; 1 mM EDTA) supplemented with
protease inhibitor cocktail (Roche Diagnostics),
phenylmethylsulfonyl fluoride (PMSF) (Sigma), and
sodium orthovanadate (Sigma). Lysates were centri-
fuged at 12,000g for 15 minutes at 4 �C and the su-
pernatants were collected. Protein concentrations
from the supernatants were determined using a BCA
protein assay reagent kit (ThermoFisher Scientific).
Afterward, the protein extracts were mixed with a 4X
Laemmli loading buffer and heated at 94 �C for
4 minutes. Twenty micrograms of protein were size-
separated on a 10% TGX Stain-Free precast gel (Bio-
Rad) and transferred to a 0.2-mm polyvinyl difluoride
membrane (Bio-Rad). The membranes were blocked
with 3% dried milk in Tris-buffered saline containing
0.05% of Tween-20 (TBST buffer) for 15 minutes and
incubated with the primary antibody overnight at
4�C. Anti-ABCG5 and anti-ABCG8 antibodies were
kindly provided by Gregory A. Graf,25 a dilution of
1:150 was used for both antibodies. For anti-LDLR
antibody (ab52818; Abcam) a dilution of 1:200 was
used. Thereafter, the membranes were washed 3 times
for 10 minutes with TBST buffer and re-incubated
with the corresponding immunoglobulin G horse-
radish peroxidase–conjugated secondary antibody
for 1 hour. Finally, the membranes were washed
3 times for 10 minutes with TBST buffer and
analyzed using an Immun-Star Western Chem-
iluminescence Kit (Bio-Rad). TGX Stain-free gels were
activated for 1 minute after sodium dodecyl sulfate-
electrophoresis. Images were captured using a Chem-
iDoc XRS Gel Documentation System (Bio-Rad) and
Image Lab software (version 6.0.1, Bio-Rad). Data
normalization analysis for each protein band was
performed with the stain-free gel images.26,27

STATISTICAL METHODS. Continuous data are pre-
sented as the mean � SD. The Shapiro-Wilk normality
test was conducted to assess the Gaussian distribu-
tion of data. Repeated measures 2-way analysis of
variance (ANOVA) followed by �Sídák multiple com-
parison test was performed to compare macrophage
cholesterol efflux with plasma and the amount of
radiolabeled cholesterol in the different lipoprotein
fractions before and after anti-PCSK9 treatment in
ex vivo cholesterol efflux assays. A paired t-test was
conducted to compare plasma parameters and the
percentage of macrophage-derived cholesterol in LDL
and HDL of FH subjects before and after anti-PCSK9
treatment. One-way ANOVA followed by a post-test
for linear trend was used to compare the accumula-
tion of radiolabeled cholesterol in LDL and HDL in
in vitro assays. Two-way ANOVA followed by a
Tukey’s multiple comparisons test was used to
compare the different incubation times for each LDL
concentration in cell-free studies in vitro. Unpaired
t-tests were used to compare the differences between
mice groups receiving vehicle or PCSK9 antibody
treatment. GraphPad Prism version 8.0.2 for Windows
(GraphPad Software) was used to perform all statis-
tical analyses. A P value #0.05 was considered sta-
tistically significant.

DATA AVAILABILITY. The data, analytical methods,
and study materials will be available to other re-
searchers for purposes of reproducing the results or
replicating the procedure on reasonable request.
Source data are provided with this paper
(Supplemental Dataset).

RESULTS

PCSK9 INHIBITORS MODIFY THE LIPOPROTEIN

DISTRIBUTION OF MACROPHAGE-DERIVED

CHOLESTEROL EFFLUX IN HETEROZYGOUS FH.

Clinical and lipid plasma parameters are summarized
in Table 1. As expected, both evolocumab and alir-
ocumab reduced the levels of LDL-C and hAPOB,
whereas HDL-C and hAPOA1 levels were not affected.
The 2 PCSK9 inhibitors did not affect the HDL-
associated master remodeling lipid transfer proteins
and enzymes (ie, PLTP, CETP or LCAT activities).

We initially investigated the impact of PCSK9 in-
hibition therapy on macrophage cholesterol efflux to
whole heterozygous FH plasmas. Notably, total
macrophage cholesterol efflux to FH plasmas
remained unaffected by either evolocumab or alir-
ocumab treatments (Figures 1A and 1B). Given that
plasmas are a physiological mixture of cholesterol
acceptors and LDL particles act as a transitory reser-
voir of macrophage-derived cholesterol,11 we exam-
ined the distribution of macrophage-derived
cholesterol in each lipoprotein fraction and the LPDF.
Both evolocumab and alirocumab therapies resulted
in a reduction of radiolabeled cholesterol associated
with LDL particles (Figures 1C and 1E). Significantly,
the percentage of macrophage-derived cholesterol in
HDL particles increased proportionally following
PCSK9 inhibition therapy (Figures 1D and 1F).
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TABLE 1 Clinical and Plasma Parameters of Heterozygous FH Patients Treated With Evolocumab or Alirocumab

Evolocumab (n ¼ 14) Alirocumab (n ¼ 6)

Pre Post P Value Pre Post P Value

Clinical parameters

Male/female 11/3 — 4/2 –

BMI, kg/m2 28.76 � 3.15 — 28.61 � 4.65 –

Plasma parameters

Total cholesterol, mmol/L 5.51 � 1.11 3.52 � 1.21 <0.001 6.13 � 1.61 2.99 � 1.05 <0.001

LDL cholesterol, mmol/L 3.75 � 1.00 1.75 � 1.13 <0.001 4.11 � 1.16 1.21 � 0.72 <0.001

HDL cholesterol, mmol/L 1.21 � 0.29 1.22 � 0.29 0.53 1.15 � 0.38 1.16 � 0.37 0.48

APOA1, g/L 1.49 � 0.28 1.57 � 0.32 0.15 1.36 � 0.28 1.48 � 0.41 0.12

APOB100, g/L 1.19 � 0.23 0.66 � 0.27 <0.001 1.47 � 0.38 0.67 � 0.23 <0.01

Triglycerides, mmol/L 1.18 � 0.41 1.16 � 0.54 0.86 1.91 � 0.49 1.38 � 0.29 <0.05

PLTP activity, nmol/mL/h 63.02 � 24.69 61.83 � 18.14 0.79 46.78 � 23.32 46.03 � 15.70 0.86

CETP activity, nmol/mL/h 1.26 � 0.67 1.18 � 0.64 0.64 1.49 � 0.67 1.29 � 0.33 0.42

LCAT activity, ratio 390/470a 0.68 � 0.08 0.67 � 0.06 0.52 0.80 � 0.03 0.77 � 0.04 0.077

Values are n or mean � SD. The Shapiro-Wilk normality test was conducted to assess Gaussian distribution. Paired t-tests were performed for all parameters. aThe ratio between the 390-nm emission and
470-nm emission peak in the LCAT assay indicates the rate of substrate hydrolysis by LCAT.

APO ¼ apolipoprotein; BMI ¼ body mass index; CETP ¼ cholesteryl ester transfer protein; FH ¼ familial hypercholesterolemia; HDL ¼ high-density lipoprotein; LCAT ¼ lecithin-cholesterol acyltransferase;
LDL ¼ low-density lipoprotein; PLTP ¼ phospholipid transfer protein.
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This reduction in radiolabeled cholesterol in LDL
particles and the concurrent increase in HDL particles
after PCSK9 inhibition treatments were also evident
when macrophage ABCA1/ABCG1-dependent path-
ways were stimulated (Supplemental Figure 1).
VLDL particles and LPDF contained <15% of total
radiolabeled cholesterol in all experimental condi-
tions (Figure 1, Supplemental Figure 1). Conversely,
the ability of APOB-depleted plasmas (containing
mature HDL, nascent preb-HDL particles, and key
HDL-associated remodeling factors) from heterozy-
gous FH patients to promote macrophage cholesterol
efflux, under baseline conditions or experimental
settings stimulating ABCA1/ABCG1-dependent efflux
pathways, was moderately upregulated only by evo-
locumab (Supplemental Figure 2).

To further disclose the mechanism by which PCSK9
inhibition alters the distribution of macrophage-
derived cholesterol between lipoproteins, we added
isolated LDL from normolipidemic plasmas at
increasing concentrations to isolated HDL (Figure 2A)
or plasma (Figure 2B). The mixture was then added to
macrophage media to stimulate cholesterol efflux. As
shown in Figures 2A and 2B, the presence of LDL
resulted in a dose-dependent reduction of
macrophage-derived cholesterol accumulation in
HDL particles. Notably, decreasing the LDL/HDL
protein concentration (APOB/APOA1) ratio from 0.6 to
0.2 significantly increased the retained radiolabel in
HDL from 13.3% to 37.3% of total cholesterol efflux,
while also leading to a reduced recovery of radioac-
tivity in LDL (Figure 2A). Equivalent results were
found when LDL was added to HDL or plasma and
exposed to macrophages pretreated with the LXR
agonist to stimulate ABCA1/ABCG1-dependent path-
ways (Supplemental Figure 3).

As HDL is a major acceptor of macrophage-
derived unesterified cholesterol, [3H]HDL was iso-
lated from the cell culture media after the efflux
period and incubated with unlabeled LDL (without
cells) for up to 30 minutes (Figure 2C). Under these
conditions, a significant dose-dependent radioac-
tivity transfer from HDL to LDL occurred
(Figure 2C). In addition, the quantity of labeled
cholesterol in LDL increased rapidly during the in-
cubation, reaching a maximum plateau after 10 -
minutes (Figure 2C).
PCSK9 INHIBITION ENHANCES MACROPHAGE-TO-FECES

RCT IN HUMAN apoB100 TRANSGENIC MICE ONLY

UNDER CONDITIONS OF HETEROZYGOUS LDL

RECEPTOR DEFICIENCY. We aimed to assess the effects
of injecting the PCSK9-mAb1 or the vehicle every
7 days on the lipoprotein profile and the mRCT
pathway in LDLRþ/þ hAPOB100 mice with increased
circulating levels of LDL in the presence of fully
functional hepatic LDL receptor. The mice were fed
with a Western-type diet for 4 weeks (see the experi-
mental outline in Figure 3A). Although LDLRþ/þ
hAPOB100 mice had 60% of cholesterol bound to
LDL, the PCSK9 inhibitor had only a modest, nonsig-
nificant impact on both LDL-C and APOB100 levels,
and it did not affect HDL-associated master remodel-
ing lipid transfer proteins and enzymes (Table 2). To
assess the mRCT rate in vivo, [3H]cholesterol-labeled
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FIGURE 1 Anti-PCSK9 Therapies Modify the Ability of LDL and HDL to Function as Macrophage Cholesterol Acceptors Ex Vivo

J774A.1 macrophages were exposed to media containing plasma (2.5% vol/vol) obtained from 14 heterozygous FH subjects before and after treatment with evolo-

cumab (A) or from 6 individual heterozygous FH subjects before and after treatment with alirocumab (B) in cholesterol efflux assays. The distribution of radiolabeled

cholesterol in the indicated lipoprotein fractions of the incubated plasma was determined after isolating the lipoproteins through sequential density ultracentrifugation.

The percentage of the total radiolabeled cholesterol accumulated in LDL is presented as matched pairs for evolocumab (C) and alirocumab-treated (E) plasmas. The

percentage of the total radiolabeled cholesterol accumulated in HDL is depicted as matched pairs for evolocumab (D) and alirocumab-treated (F) plasmas. Values in A

and B are expressed as mean � SD. A repeated measures 2-way analysis of variance followed by �Sídák multiple comparison test was conducted to compare macrophage

cholesterol efflux with plasma and the amount of radiolabeled cholesterol in VLDL, LDL, HDL, and LPDF. A paired t-test was performed to compare macrophage-derived

cholesterol in LDL and HDL. FH ¼ familial hypercholesterolemia; HDL ¼ high-density lipoprotein; LDL ¼ low-density lipoprotein; LPDF ¼ lipoprotein-deleted fraction.
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macrophages were injected IP into the mice, and
[3H]cholesterol recovery was measured in plasma,
HDL, and liver at 48 hours, along with the feces
collected over 48 hours (Figure 3A). Noteworthy, the
accumulation of [3H]cholesterol in LDL, HDL and liver
remained unchanged after PCSK9 inhibition therapy
(Figures 3B and 3C) and there was no modification in
the fecal excretion of [3H]cholesterol (Figure 3D).

We also evaluated whether the PCSK9 inhibitor
affected the mRCT rate in LDLRþ/þ mice fed a
Western-type diet for 4 weeks. Approximately 75% of
plasma cholesterol was bound to HDL in plasma of
wild-type mice, and PCSK9 inhibition did not alter the
lipoprotein profile or the HDL-associated remodeling
lipid transfer proteins and enzymes (Supplemental
Table 1). After injecting radiolabeled macrophages,
most of the [3H]cholesterol was accumulated in HDL
(Supplemental Figure 4). Furthermore, PCSK9 inhi-
bition therapy did not influence macrophage-derived
cholesterol levels in serum and liver, or the overall
transfer of radiolabeled cholesterol to feces
(Supplemental Figure 4).
We then explored whether PCSK9 inhibition ther-
apy could modify the mRCT rate in a mouse model of
heterozygous FH, specifically in LDLRþ/� hAPOB100
mice, using the same experimental outline as in
Figure 3A. The main characteristics of plasma derived
from LDLRþ/� hAPOB100 mice are shown in Table 2.
As expected, the defect in LDLR function notably
increased serum levels of total cholesterol, particu-
larly LDL-C levels. PCSK9-mAb1 significantly reduced
LDL-C levels along with APOB100 levels, and these
changes were not associated with alterations in PLTP
or LCAT activities (Table 2). Notably, when [3H]
cholesterol-labeled macrophages were administered
IP into the LDLRþ/� hAPOB100 mice, the radioac-
tivity levels in the non-HDL fraction significantly
increased compared with those of LDLRþ/þ and
LDLRþ/þ hAPOB100 mice (Figure 3E). Most of the
radioactivity was present in LDL in LDLRþ/�
hAPOB100 mice (Figure 3E, inset). Consistent with our
findings in FH patients, PCSK9-mAb1 reduced the
amount of radiolabeled cholesterol in LDL particles
and increased that in HDL particles (Figure 3E). This
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FIGURE 2 The Capacity of HDL to Serve as a Macrophage Cholesterol Acceptor Is Enhanced Through Coincubation With Low LDL Levels In Vitro

(A) In vitro cholesterol efflux from J774A.1 macrophages stimulated by HDL (25 mg/mL of APOA1) in the absence or presence of LDL added to the culture media at

concentrations up to 25 mg/mL (APOB100). The distribution of labeled cholesterol between LDL and HDL was evaluated after precipitation of LDL with phospho-

tungstic acid-MgCl2. (B) In vitro cholesterol efflux from J774A.1 macrophages stimulated by plasma (2.5% vol/vol) in the absence or presence of LDL added to the

culture media at concentrations up to 25 mg/mL (APOB100). The distribution of radiolabeled cholesterol in the lipoprotein fractions was determined after isolating the

lipoproteins by sequential density ultracentrifugation. For (A) and (B), ordinary one-way ANOVA followed by a post-test for linear trend was performed to compare

the accumulation of radiolabeled cholesterol in LDL and HDL. (C) Distribution of labeled cholesterol during the incubation of radiolabeled HDL isolated from cell

culture media with increased concentrations of unlabeled LDL for 2, 10, and 30 minutes in a cell-free system. The amount of [3H]cholesterol in HDL and LDL was

determined after precipitation of LDL with phosphotungstic acid-MgCl2. Values are expressed as the mean � SD of 4 independent experiments in each condition. Two-

way ANOVA followed by a Tukey’s multiple comparisons test was performed to compare the different incubation times for each LDL concentration. Two-way ANOVA

results were time, P < 0.001; LDL concentration, P < 0.001. ANOVA ¼ analysis of variance; APO ¼ apolipoprotein; other abbreviations as in Figure 1.
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finding supports the notion that PCSK9 inhibitors also
alter the distribution of macrophage-derived choles-
terol between LDL and HDL in vivo in a mouse model
of heterozygous FH. Hepatic [3H]cholesterol levels
were moderately lower after anti-PCSK9 treatment
(Figure 3F). Importantly, the PCSK9-mAb1 enhanced
the overall transfer of cholesterol from macrophages
to feces in LDLRþ/� hAPOB100 mice (Figure 3G).

We also investigated the impact of PCSK9 inhibi-
tion therapy on mRCT in LDLR�/� hAPOB100 mice,
using the same experimental outline as in Figure 3A.
This approach allowed us to test whether the full
function of LDLR was required to enhance the trans-
fer of cholesterol from blood to feces upon an anti-
PCSK9 therapy. As expected, the complete lack of
LDLR significantly increased serum levels of LDL-C
(Supplemental Table 2). However, in the absence of
LDLR, the PCSK9 inhibitor had no effect on LDL-C,
APOB100, or HDL-C levels (Supplemental Table 2).
Furthermore, PCSK9-mAb1 did not modify the levels
of [3H]cholesterol in LDL and the fecal excretion
of macrophage-derived cholesterol observed in
LDLR�/� hAPOB100 mice (Supplemental Figure 5).
PCSK9 INHIBITION PROMOTES THE TRANSFER OF

LDL-DERIVED CHOLESTEROL TO FECES IN

HETEROZYGOUS LDLR-DEFICIENT MICE EXPRESSING

HUMAN APOB100. Considering the absence of CETP in
mouse serum, we conducted kinetic experiments
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FIGURE 3 PCSK9 Inhibition Enhances the mRCT Pathway in the Human ApoB100 Transgenic Mice Only Under Conditions of Heterozygous LDL Receptor

Deficiency

(A) Schematic representation of macrophage-to-feces reverse cholesterol transport assay. Eight- to 10-week-old mice were injected with the PCSK9 antibody PL-45134

(PCSK9-mAb1) or the vehicle every 7 days and fed a Western-type diet for 4 weeks. Forty-eight hours before the end of the experiment, mice were IP injected with

J774A.1 macrophages loaded with [1a,2a(n)-3H]cholesterol and housed in individual cages. At the end of the experiment, mice were euthanized and exsanguinated with

cardiac puncture, their livers were removed, and individual stools were collected. (B) Serum and non-HDL [3H]cholesterol at 48 hours in LDLRþ/þ hAPOB100 mice

treated with either PCSK9-mAb1 or the vehicle solution. Inset: [3H]LDL cholesterol levels present in the non-HDL fraction. (C) Liver [3H]cholesterol at 48 hours in

LDLRþ/þ hAPOB100 mice. Liver weights were 1.68 � 0.30 g and 1.32 � 0.35 g in LDLRþ/þ hAPOB100 treated with the vehicle and PCSK9-mAb1-treated mice,

respectively (P ¼ 0.084). (D) [3H]cholesterol þ [3H]bile acids in the feces collected over 48 hours in LDLRþ/þ hAPOB100 mice. (E) Serum and non-HDL [3H]cholesterol

at 48 hours in LDLRþ/� hAPOB100 mice treated with either PCSK9-mAb1 or the vehicle solution. Inset: [3H]LDL cholesterol levels present in the non-HDL fraction.

(F) Liver [3H]cholesterol at 48 hours in LDLRþ/� hAPOB100 mice. Liver weights were 1.56 � 0.45 g and 1.28 � 0.25 g in LDLRþ/� hAPOB100 treated with the

vehicle and PCSK9-mAb1-treated mice, respectively (P ¼ 0.21). (G) [3H]cholesterol þ [3H]bile acids in the feces collected over 48 hours in LDLRþ/� hAPOB100 mice.

Values are expressed as the mean � SD of 6 individual animals per group. The amount of [3H]tracer was expressed as a fraction of the injected dose. Statistics: The

Shapiro-Wilk normality test was performed to test Gaussian distribution. (A) Multiple unpaired t-tests were performed to compare serum, [3H]HDL, [3H]non-HDL, and

[3H]LDL cholesterol levels between both groups. An unpaired t-test was performed to compare total liver [3H]cholesterol and fecal [3H]cholesterol þ [3H]bile acids

between both groups. LDLR ¼ low-density lipoprotein receptor; mRCT ¼macrophage-specific reverse cholesterol transport; PCSK9 ¼ proprotein convertase subtilisin/

kexin type 9; PCSK9-mAb1, PCSK9 antibody PL-45134; other abbreviations as in Figures 1 and 2.
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TABLE 2 Plasma and HDL Parameters in Human APOB Transgenic (LDLRþ/þ hAPOB00 Tg) Mice and Heterozygous Ldlr-deficient Mice

Expressing hAPOB100 (LDLRþ/� hAPOB100) Treated With the PCSK9 Antibody PL-45134 (PCSK9-mAb1) or the Vehicle Solution

LDLRþ/þ hAPOB100 LDLRþ/� hAPOB100

Vehicle (n ¼ 6) PCSK9-mAb1 (n ¼ 6) P Value Vehicle (n ¼ 6) PCSK9-mAb1 (n ¼ 6) P Value

Body weight, g 31.51 � 7.08 27.44 � 6.06 0.31 31.54 � 4.35 27.23 � 3.30 0.082

Food intake, g/d 2.43 � 0.37 1.73 � 0.24 0.14 2.12 � 0.60 2.00 � 0.53 0.72

Plasma parameters

Total cholesterol, mmol/L 7.79 � 1.40 6.93 � 2.14 0.43 14.38 � 1.14 9.34 � 1.12 <0.001

LDL cholesterol, mmol/L 4.55 � 1.27 3.83 � 1.45 0.37 9.77 � 1.66 5.58 � 0.66 <0.001

HDL cholesterol, mmol/L 2.98 � 0.36 2.96 � 1.25 0.99 4.36 � 0.51 3.56 � 0.74 0.054

Triglycerides, mmol/L 2.50 � 0.84 2.06 � 0.80 0.38 2.81 � 0.35 2.67 � 0.77 0.71

APOB100, g/L 1.20 � 0.36 1.68 � 1.25 0.39 2.22 � 0.31 1.46 � 0.25 <0.001

PLTP activity, nmol/mL/h 146.94 � 24.75 123.36 � 19.76 0.098 141.06 � 18.38 152.66 � 24.86 0.38

LCAT activity, ratio 390/470a 2.96 � 1.21 2.42 � 1.33 0.48 1.52 � 0.57 2.02 � 0.91 0.28

Values are mean � SD. The Shapiro-Wilk normality test was conducted to assess Gaussian distribution. Paired t-tests were performed for all parameters. aThe ratio between the
390 nm emission and 470 nm emission peak in the LCAT assay indicates the rate of substrate hydrolysis by LCAT.

LDLR¼ low-density lipoprotein receptor; PCSK9¼ proprotein convertase subtilisin/kexin type 9; PCSK9-mAb1¼ PCSK9 antibody PL-45134; other abbreviations as in Table 1.
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involving endogenous LDL and HDL to investigate the
impact of circulating lipoprotein [3H]cholesterol
clearance on accelerated PCSK9-mAb1-mediated
mRCT. Radiolabeled mouse LDL or HDL, injected IV
into the mice, was monitored for tracer clearance over
48 hours, with concurrent collection of feces for
radioactivity measurement (see the experimental
outline in Figure 4A). When [3H]cholesteryl oleate-
radiolabeled LDL was IV injected into the LDLRþ/þ
hAPOB100 mice treated with the PCSK9-mAb1 or the
vehicle, kinetics analyses showed that [3H]LDL
cholesterol decay was very fast independently of the
treatment (Figure 4B). Furthermore, the levels of he-
patic [3H]cholesterol and the transfer of radioactivity
to feces were not affected by PCSK9-mAb1 in the
LDLRþ/þ APOB100 mice (Figures 4C and 4D). This
treatment had no impact on hepatic Ldlr mRNA and
protein levels (Supplemental Figures 6A and 6B) and
did not influence those of Abcg5 and Abcg8
(Supplemental Figures 6C to 6F). When [3H]choles-
teryl oleate-radiolabeled HDL was injected into
PCSK9 antibody-treated LDLRþ/þ hAPOB100 mice,
[3H]HDL clearance and the transfer of HDL-derived
[3H]cholesterol to liver and feces remained un-
changed compared with the vehicle-treated control
(Figures 4E to 4G).

As expected, kinetic analyses showed a lower
decay of [3H]LDL cholesterol in the LDLRþ/�
hAPOB100 mice (Figure 4H), along with reduced liver
LDLR mRNA and protein levels in these mice
(Supplemental Figures 6A and 6B). Importantly,
radiolabeled LDL clearance was enhanced after
PCSK9 inhibition therapy (Figure 4H). The PCSK9-
mAb1 also reduced hepatic [3H]cholesterol levels af-
ter the administration of radiolabeled LDL, while
increasing the transfer of LDL-derived [3H]cholesterol
to feces in the LDLRþ/� hAPOB100 mice (Figures 4I
and 4J). These changes were associated with an
upregulation of liver LDLR (Supplemental Figures 6A
and 6B). PCSK9 inhibition did not modify liver mRNA
or protein Abcg5/g8 levels (Supplemental Figures 6C
to 6F). Furthermore, [3H]HDL clearance and the
transfer of HDL-derived [3H]cholesterol to the liver
and feces remained unchanged in the LDLRþ/�
hAPOB100 mice after the treatment with PCSK9-mAb1
(Figures 4K to 4M).

DISCUSSION

Significant evidence indicates that cellular-derived
radiolabeled unesterified cholesterol is initially
transferred to nascent preb-HDL particles, followed
by a-HDL and LDL, serving as a temporary circulatory
storage pool for cell-derived unesterified cholesterol
before esterification via LCAT.12,28 The transfer of
unesterified cholesterol from HDL to LDL is very
fast.12,28 Furthermore, the transfer of fibroblast-
derived cholesterol from the initial acceptors to LDL
is enhanced in HDL-deficient plasmas compared with
those of normolipidemic plasma.29 Cholesterol efflux
capacities induced by HDL or plasma derived from
untreated heterozygous FH patients are significantly
impaired compared with that of normolipidemic vol-
unteers.10,11 Importantly, LDL also acts as a major
intermediate reservoir of macrophage-derived unes-
terified cholesterol previously transferred to HDL
during efflux process to human FH plasmas.11 How-
ever, whether PCSK9 inhibitors may affect the ca-
pacity of LDL to serve as a transitory reservoir of
macrophage-derived cholesterol is unknown. PCSK9
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FIGURE 4 PCSK9 Inhibition Promotes the Transfer of LDL-derived Cholesterol to Feces in Heterozygous Ldlr-Deficient Mice Expressing Human APOB100

Continued on the next page
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inhibitors appear to moderately alter the number and
size of HDL particles, although the results of these
studies have produced divergent outcomes16,30,31;
furthermore, these changes seem not to have a sig-
nificant impact on the ability of HDL to stimulate total
macrophage cholesterol efflux.16-18 In this study, we
observed that evolocumab moderately increased the
overall capacity of FH APOB-depleted plasmas, pri-
marily reflecting the ability of HDL particles, to pro-
mote cholesterol efflux ex vivo. However, the overall
capacity of FH plasmas to promote cholesterol efflux
ex vivo remained unaffected by either evolocumab or
alirocumab treatments. Notably, when plasmas from
anti-PCSK9–treated FH subjects were fractionated,
the radiolabeled cholesterol in the HDL fraction
increased, whereas that bound to LDL significantly
decreased. These directional changes were closely
associated with the degree of plasma LDL reduction
achieved by administering PCSK9-neutralizing anti-
bodies. In line with these findings, LDL apheresis
transiently reduces the ability of FH plasmas to elicit
cholesterol efflux from macrophages.32

In our experiments using cell and non-cell culture
systems, mostly devoid of master remodeling en-
zymes and transfer proteins, we replicated the ability
of LDL to deplete macrophage-derived cholesterol
from HDL particles over time in vitro. This ability was
also observed by adding LDL to normolipidemic
plasma. Overall, our results indicate that
macrophage-derived cholesterol transfer to LDL is
prevented in the circulating mixture of physiological
cholesterol acceptors presented in anti-PCSK9-
treated FH plasmas, resulting in the accumulation of
FIGURE 4 Continued

(A) Schematic representation of lipoprotein cholesterol kinetics assays. L

cholesteryl oleate preparation in the presence of CETP source (LPDF) to
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LDLRþ/þ hAPOB100 mice. (D) LDL-derived [3H]cholesterol þ [3H]bile ac

[3H]cholesteryl oleate-radiolabeled HDL in LDLRþ/þ hAPOB100 mice tre

as the reverse of the area under the curve (AUC, pools/hour). (F) Liver [

[3H]bile acids in the feces collected over 48 hours in LDLRþ/þ hAPOB100

mice treated with either the PCSK9-mAb1 or the vehicle solution. Inset: t

Liver [3H]cholesterol at 48 hours in LDLRþ/� hAPOB100 mice. (J) LDL-

hAPOB100 mice. (K) In vivo clearance of [3H]cholesteryl oleate-radiolab

solution. Inset: The clearance rate expressed as the reverse of the area un

mice. (M) HDL-derived [3H]cholesterol þ [3H]bile acids in the feces collec

individual animals per group. The amount of [3H]radiotracer was expres

formed to test Gaussian distribution. An unpaired t-test was performed

cholesterol þ [3H]bile acids between both groups. CETP ¼ cholesteryl es

hAPOB100, human APOB100 transgenic; LDLRþ/� hAPOB100, heteroz
unesterified cholesterol in HDL. This accumulation is
also promoted when LDL levels are reduced under
conditions that enhance the release of macrophage
unesterified cholesterol via ABCA1/G1 activation.

Our previous findings have indicated that LDL also
functions as a transient storage of macrophage-
derived cholesterol in hypercholesterolemic plasmas
in vivo.11 Human livers produce exclusively APOB100,
but a large proportion of mouse APOB is edited in the
liver, producing both APOB48 and APOB100.33 This is
one of the reasons why heterozygous Ldlr-mutant
rodents are resistant to diet-induced hypercholes-
terolemia.34 In this study, we established an animal
model of FH by crossbreeding the Ldlr-deficient mice
with the hAPOB100 Tg mice. The loss of 1 copy of the
Ldlr gene resulted in a significant increase of
APOB100 and LDL-C in mice fed a Western-type diet.
Consistent with our in vitro and ex vivo findings,
PCSK9 antibodies reduced the accumulation of
macrophage-derived cholesterol in circulating LDL-C
of LDLRþ/� hAPOB100 mice, whereas higher radio-
activity was present in the HDL fraction. Similar to FH
subjects, PCSK9 antibodies did not affect the activ-
ities of PLTP and LCAT in these FH mice. Overall, our
findings indicate that PCSK9 inhibitors compromise
the accumulation of macrophage-derived cholesterol
in LDL particles of FH plasma independently of the
main lipoprotein remodeling factors. It is noteworthy
that specific cholesterol efflux originating in macro-
phages of the arterial intima is considered critical for
preventing atherosclerosis.35 In contrast to the peri-
toneal cavity, LDL particles are mainly trapped in
the dense extracellular matrix by binding to
DL and HDL were isolated from a pooled serum of each mouse group and incubated with [3H]

obtain radiolabeled LDL and HDL. Individually housed mice were treated with either PCSK9-

ks. Forty-eight hours before the end of the experiment, every mouse received an intravenous

t the indicated times, and [3H] counts were measured. Serum tracer decay curves were

r injection. At the end of the experiments, mice were euthanized, their livers were removed,

ryl oleate-radiolabeled LDL in LDLRþ/þ hAPOB100 mice treated with either the PCSK9-mAb1

e of the area under the curve (AUC, pools/hour). (C) Liver [3H]cholesterol at 48 hours in

ids in the feces collected over 48 hours in LDLRþ/þ hAPOB100 mice. (E) In vivo clearance of

ated with either the PCSK9-mAb1 or the vehicle solution. Inset: the clearance rate expressed
3H]cholesterol at 48 hours in LDLRþ/þ hAPOB100 mice. (G) HDL-derived [3H]cholesterol þ
mice. (H) In vivo clearance of [3H]cholesteryl oleate-radiolabeled LDL in LDLRþ/� hAPOB100

he clearance rate expressed as the reverse of the area under the curve (AUC, pools/hour). (I)

derived [3H]cholesterol þ [3H]bile acids in the feces collected over 48 hours in LDLRþ/�
eled HDL in LDLRþ/� hAPOB100 mice treated with either the PCSK9-mAb1 or the vehicle

der the curve (AUC, pools/hour). (L) Liver [3H]cholesterol at 48 hours in LDLRþ/� hAPOB100

ted over 48 hours in LDLRþ/� hAPOB100 mice. Values are expressed as the mean � SD of 4

sed as a fraction of the injected dose. Statistics: The Shapiro-Wilk normality test was per-

to compare the lipoprotein clearance rates, total liver [3H]cholesterol, and fecal [3H]

ter transfer protein; LDLR, low-density lipoprotein receptor; LDLRþ/þ, wild-type; LDLRþ/þ
ygous LDLR-deficient mice expressing hAPOB100; other abbreviations as in Figures 1 to 3.
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proteoglycans of the arterial intima, and when
modified, they are taken up by macrophages.36 On the
contrary, lymphatic vessels are critical to transport
macrophage-derived cholesterol accumulated in HDL
particles to the plasma during the mRCT pathway.37

Thus, one could consider that a reduced transfer of
macrophage-derived cholesterol from HDL to LDL
in the intimal fluid of FH subjects treated with
PCSK9 inhibitors and the consequent increase of
macrophage-derived cholesterol in HDL, might stim-
ulate the removal of cholesterol from the arterial wall.

In our previous studies, we have highlighted that
LDLR functionality is crucial to sustain a CETP-
independent mRCT pathway in vivo by directing the
macrophage-derived cholesterol carried in LDL to
the feces.11 This current study provides additional
evidence that PCSK9 antibodies enhance the clearance
of LDL-derived cholesterol esters specifically in
LDLRþ/� hAPOB100 mice. Notably, under specific
conditions, such as hepatocyte ABCA1 deletion, LDLR
can modulate the selective traffic of HDL cholesterol
esters.38 However, Ldlr-KOmice did not show reduced
Abca1 expression in mice,11 and PCSK9 antibodies
show no effect on the clearance of HDL-derived
cholesterol esters in LDLRþ/� hAPOB100 mice.
Importantly, besides the rapid decay of radioactivity in
the plasma of anti-PCSK9-treated FH mice, lower
levels of radioactivity remained in the liver compart-
ment, and overall, the fecal excretion of macrophage-
derived cholesterol was significantly enhanced in
these mice. Liver cholesterol is ultimately secreted
into the bile and the intestine in the form of unesteri-
fied cholesterol via ABCG5 and ABCG8.39 Furthermore,
dietary cholesterol plays a crucial role in the Western-
type diet-mediated induction of mRCT rate by upre-
gulating liver ABCG5 and ABCG8.40 Given the strong
upregulation of liver LDLR in the PCSK9 antibodies-
treated FH mice concomitant with high expression of
ABCG5/ABCG8 transporters, our results suggest that
the hepatobiliary bypass of LDL is essential for
explaining the enhanced cholesterol excretion medi-
ated by PCSK9 antibodies in these mice. Consistent
with these findings, overexpression of ABCG5 and
ABCG8 transporters has no impact on the cholesterol
balance across the liver nor does it increase the daily
excretion of fecal cholesterol in livers of Ldlr-KO
mice.41 Furthermore, we also found that the PCSK9
antibody-mediated stimulus on mRCT is completely
blunted in LDLR�/� hAPOB100 mice.

It is noteworthy that the increase of LDL by over-
expressing hAPOB100 does not enhance the mRCT
rate in mice with fully functional LDLR.11 These
findings suggest that, under these conditions, the
LDLR-mediated hepatobiliary transport is saturated.
Indeed, kinetics analyses reveal a rapid decay of LDL
in the sera of LDLRþ/þ hAPOB100 mice, and this
decay is not further accelerated by the administration
of PCSK9 antibodies. Furthermore, the transfer of
radioactivity to feces is similar in both the control and
anti-PCSK9-treated LDLRþ/þ hAPOB100 mice, con-
firming that the LDLR pathway cannot be further
modulated by PCSK9 antibodies in this mouse model.

Although an alternative transintestinal cholesterol
excretion (TICE) route contributing to the removal of
blood-derived unesterified cholesterol has been re-
ported,42 the experimental evidence from various
mouse models quantifying the contribution of such
an alternative TICE route to the mRCT pathway is
somewhat conflicting.43,44 TICE appears to be higher
in Ldlr-KO mice45 and conversely, it increases in
Pcsk9-KO mice while being reduced after an acute
injection of recombinant PCSK9 in vivo.45 Although
the effects of PCSK9 antibodies on mRCT associated
with the TICE pathway are unknown, it cannot be
completely ruled out that the higher mRCT observed
in PCSK9 antibody-treated LDLRþ/� hAPOB100 mice
could involve TICE acceleration.

STUDY LIMITATIONS. This human study was not
randomized, and the decision to administer anti-
PCSK9 therapy was based on clinical judgment in a
real-world clinical setting. Therefore, these findings
need validation in a larger cohort of patients with FH
and their association with cardiovascular risk end-
points should be explored.

In contrast to FH patients, mice do not express
CETP. This enabled us to investigate the kinetics of
HDL and LDL independently, as there is no transfer of
esterified cholesterol between these lipoproteins.
Further studies are needed to assess whether PCSK9
inhibitor therapy would enhance mRCT in the het-
erozygous FH mouse model expressing human CETP.

It is worth noting that recent evidence has raised
doubts about the efficacy of enhancing HDL func-
tionality with APOA1 infusions to prevent cardiovas-
cular events.46 Nevertheless, potential positive
effects of APOA1 infusions were observed on
myocardial infarction and this warrants further
analysis.47

CONCLUSIONS

Our study demonstrates that PCSK9 inhibitor therapy
induces a shift in the distribution of macrophage-
derived cholesterol to lipoproteins in FH plasma
during the cholesterol efflux process. This results in a
reduction of LDL’s capacity to act as a macrophage-
derived cholesterol acceptor and an increase in the
acceptor function of HDL. Furthermore, our findings



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Heterozygous

FH is associated with dysfunctional mRCT, attributed to

decreased levels of HDL and impaired HDL remodeling. PCSK9

inhibitor therapy increases the capacity of HDL to act as a tran-

sient reservoir for macrophage-derived cholesterol in heterozy-

gous FH patients and promotes mRCT in a humanized

heterozygous FH mouse model.

TRANSLATIONAL OUTLOOK: Our results underscore the

multifaceted effects of PCSK9 inhibitor therapy, not only in

reducing LDL cholesterol, but also in modulating macrophage

cholesterol efflux and promoting the atheroprotective mRCT

pathway, particularly in the context of heterozygous FH. Future

research should analyze the effects of PCSK9 inhibitors on

macrophage cholesterol efflux to plasma and the distribution of

macrophage-derived cholesterol among lipoproteins in other

forms of hypercholesterolemia and their association with car-

diovascular risk endpoints.
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support the positive effects of PCSK9 inhibitors on
the regulation of mRCT by enhancing the LDLR-
mediated hepatobiliary route in LDLRþ/� hAPOB100
mice. Notably, these positive effects are absent in
LDLRþ/þ hAPOB100 transgenic and wild-type mice
with fully functional LDLR or when LDLR is
completely blocked. The present findings reveal that,
in addition to their plasma LDL-cholesterol-lowering
effect, PCSK9-targeted therapies may also positively
impact the dynamics of cholesterol removal from the
body in individuals with heterozygous FH.
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